Abstract. Pulsars are remarkably precise "celestial clocks" that can be used to explore many different aspects of physics and astrophysics. In this article I give a brief summary of pulsar properties and describe some of the applications of pulsar timing, including tests of theories of gravitation, efforts to detect low-frequency gravitational waves using pulsar timing arrays and establishment of a "pulsar timescale".
Introduction
Pulsars are remarkably precise "celestial clocks". They are believed to be rotating neutron stars that send out beams of radio, optical, X-ray and γ-ray emission which we observe as pulses when they sweep across the Earth. About 2600 pulsars are currently known, almost all of which lie within our Galaxy. 1 The observed pulse periods range between 1 ms and 15 s, with most lying between 0.3 s and 3 s, the so-called "normal pulsars". The "millisecond pulsars" (MSPs) form a distinct group, most with periods in the range 1 ms to 10 ms. Although pulsar periods (P ) are very stable and predictable, they are not constant. Most pulsars are powered by their rotational kinetic energy and, as they lose energy to relativistic particle winds and radiation, they slow down. The rate of slowdown,Ṗ , and other pulsar parameters can be determined using pulse time-of-arrival (ToA) measurements made over long intervals. MSPs are also distinguished by their very smallṖ s, around five orders of magnitude smaller thanṖ s for normal pulsars, and by the fact that most are in a binary orbit with another star. These different properties result from the very different evolutionary path followed by MSPs in which a central feature is spin-up of an old neutron star by accretion from a companion star [2] .
In this review, we first discuss the basics of pulsar timing in §2. Tests of theories of gravitation are discussed in §3, and pulsar timing arrays (PTAs) and their use as detectors of low-frequency gravitational radiation are described in §4. Pulsar timescales and the application of pulsar timing to navigation of distant spacecraft are discussed in §5. The main points of the review are briefly summarised in §6.
Pulsar timing
Measurement of a sequence of pulse ToAs over intervals ranging from hours to decades is the basis of precision pulsar timing. These ToAs are first transferred to an "inertial" reference frame, normally the solar-system barycentre, to remove the effects of rotation and orbital motion of the Earth. Radio-frequency dispersion resulting from the presence of ionised gas in the interstellar medium can be compensated for using observations in different frquency bands. Then, based on a model for the intrinsic properties of the pulsar including its astrometric, rotational, interstellar and (if applicable) binary parameters, a predicted barycentric pulse arrival time is computed for each ToA. The difference between the observed and predicted arrival times is known as the timing "residual". Study of the time and radio-frequency variations of these residuals is the basis of all pulsar timing. Systematic variations of the residuals indicate either errors in the pulsar model or the presence of unmodelled phenomena affecting observed ToAs. Each pulsar parameter has a distinct signature in the time and frequency domains. A least-squares fit of the these signatures to the observed residuals enables corrections to the various pulsar parameters and, possibly, the measurement of previously un-measured parameters. Examination of the remaining residuals enables investigation of new and different phenomena such as relativistic binary perturbations or gravitational waves (GWs).
One of the most basic products of long-term pulsar timing is the rate of slowdown of the pulsar rotation periodṖ = −ν/ν 2 , where ν = 1/P is the pulse frequency. Figure 1 shows the plot of period derivative versus pulse period for the known pulsars in the Galactic disk. 2 Assuming braking of the pulsar rotation by the reaction to emission of magnetic-dipole radiation, that is, electromagnetic radiation at the pulsar rotation frequency, and assuming a dipole field structure, we can compute the magnetic field at the pulsar surface
where P is in seconds and B s is in Gauss, and the "characteristic age", that is, the time since the (back-extrapolated) pulse period was zero (see, e.g., [4] )
One of the main reasons why this diagram is so useful is that different classes of pulsars generally lie in different zones on it. For example, with their short period and low spin-down rate, MSPs are located in the bottom left of the diagram. Conversely, because of their typically long periods and strong magnetic fields, magnetars are at the top right. Double-neutron-star (DNS) systems tend to lie in the gap between MSPs and normal pulsars. Young pulsars have a high probability of being detectable at high energies (optical and above) and the same applies to MSPs having a larger-than-average spindown rate. The so-called "rotating radio transients" (RRATs) (see, e.g., [5] ) tend to have long periods and to lie between the magnetars and the bulk of normal pulsars. The X-ray isolated neutron stars (XINS) (see, e.g., [6] ) also lie in this region.
The secular spin-down of pulsars can be described by the "braking index", defined by
Different values of n are predicted for different braking mechanisms. For example, n = 3 for magnetic-dipole braking, n = 5 for braking by emission of GWs, and braking by pulsar winds which deform the magnetosphere so that fields at the light cylinder (where the co-rotation velocity equals the velocity of light) are stronger than their dipole value have 1.0 ≤ n ≤ 3.0 [4] . Because of the combined effects of random irregularities in pulsar period, especially in young pulsars, and the relatively strongν dependence, braking indices representing the secular braking of the pulsar have only been measured for a dozen or so pulsars [7] . Most of these are between 2.0 and 3.0 indicating some braking by a stellar wind. For example, for the Crab pulsar, the long-term average value of n is 2.342 ± 0.001 [8] . Figure 1 . Plot of rate of period increase,Ṗ versus pulse period P for known pulsars lying in the Galactic disk, that is, excluding pulsars in globular clusters and extra-galactic pulsars. Different classes of pulsars are indicated by different symbols and binary pulsars are indicated by a circle around the pulsar symbol. Lines of constant characteristic age τ c and surface dipole magnetic field strength B s are shown as is the maximimum spin period attainable by Eddington-limited accretion of mass from a companion (see, e.g., [2] ).
For young pulsars the regular slow-down is often interrupted by a sudden spin-up known as a "glitch". About 425 of these glitches have been observed in more than 140 pulsars 3 and they have relative magnitudes ∆ν g /ν of between 10 −10 and 3 × 10 −5 for spin-powered pulsars. The postglitch timing behaviour is different for different pulsars, but for large glitches generally includes a exponential relaxation toward the extrapolated pre-glitch trend followed by an enhanced linear decay ofν. This behaviour is illustrated in Figure 2 . Figure 2 . Time dependence of spin-down rateν for three young pulsars that have multiple glitches. The horizontal axis is time over the Modified Julian Date range 40000 to 57500, a total of about 48 years. The number below the pulsar name is the mean absolute spin-down rate in Hz s −1 . (Adapted from [7] ).
During the linear decay phase, the apparent braking index is typically between 20 and 40 [7] . However, as Figure 2 shows, this does represent the long-term evolution ofν. Following Lyne et al. [9] , Espinoza et al. [7] fitted a template to the post-glitch changes inν to derive braking indices of 1.7 ± 0.2, 1.9 ± 0.5 and 2.2 ± 0.6 for PSRs B0833−45, B1800−21 and B1823−13, respectively. These are all much less than the magnetic-dipole value of 3.0 and less than other well-measured secular braking indices. It should be noted, however, that Akbal et al. [10] have independently derived a braking index for the Vela pulsar (PSR B0833−45) of 2.81 ± 0.12 by fitting to the values ofν just before a glitch rather than the post-glitch variations fitted by [7] .
Tests of gravitational theories
The discovery of the first binary pulsar, PSR B1913+16, by Hulse and Taylor at Arecibo Observatory in 1974 [11] opened up multiple new fields of pulsar research. Important among these was tests of relativistic theories of gravitation. PSR B1913+16 was the first of the class of DNS systems (now numbering 15) that have short orbital periods, typically about a day, and relatively high eccentricities. Together with the large system mass, these properties imply large orbital velocities. For example, at periastron, the orbital velocity v of PSR B1913+16 and its companion are about 300 km s −1 or 0.1% of the velocity of light. Since lowest-order relativistic effects go as (v/c) 2 , they are easily detectable as orbital modulations of the observed pulsar period. Within a few years, the first two relativistic perturbations, periastron advance and time dilation, were detected [12] . In Einstein's general theory of relativity (GR), these depend on the masses of the two stars, together with the well-known Keplerian parameters. Consequently, the masses could be determined and both were close to 1.4 M ⊙ , confiming that the system consisted of two neutron stars in orbit around one another. Most importantly, measurement of the masses enabled prediction of a third relativistic term, orbital decay due to the emission of GWs from the system. This was also measured in 1979 [12] and was in accordance with the predictions of GR. Later measurements [13] show that the observed orbit decayṖ b is within 0.2% of the GR prediction. These observations are therefore, not only a confirmation of the accuracy of GR as a theory of relativistic gravitation, but also the first observational evidence for the existence of GWs. These important results were recognised by the award of the 1993 Nobel Prize in Physics to Joseph Taylor and Russell Hulse.
An even more amazing binary system, the Double Pulsar, PSR J0737−3039A/B, was discovered at Parkes in 2003 [14, 15] . This system has a orbital period of 2.4 h, about one third that of PSR B1913+16 and is a DNS system. However, unlike any other DNS system, both neutron stars are detectable as pulsars. The A pulsar, the first-born neutron star of the two, was spun up to its short period of 22 ms by accretion of mass and angular momentum from its evolving companion which subsequently collapsed to form the second neutron star. This is now detected as a relatively young pulsar (B) with a pulse period of 2.77 s. 4 With a predicted periastron advance of 16.9 • yr −1 , relativistic effects are even larger than for PSR B1913+16, and hence more stringent tests can be performed [17] . Six relativistic effects have now been detected for this system, including two describing the Shapiro delay, geodetic precession of the spin axis of pulsar B [18] , and a much more precise measurement of the orbital decay (Kramer et al., in preparation). These results show that GR accurately describes the system at the 0.02% level, an order of magnitude better than the PSR B1913+16 test and the most stringent test so far of GR in the strong-field regime.
Despite the success of GR in accounting for the details of ToA orbital modulations in the DNS systems, it remains possible that departures from the predictions of GR will be found in the future. There are many alternative theories of gravity and pulsars provide several mechanisms for testing the parameters of such theories. Some of these theories violate the Strong Equivalence Principle (SEP), for example, allowing differences between the gravitational and inertial masses. As pointed out by [19] , this would result in bodies with different gravitational self-energy falling at different rates in an external gravitational field. For binary pulsars with white dwarf or other low-mass companions, an orbital eccentricity would be induced by the gravitational field of the Galaxy. A limit on this, expressed in terms of the parameter |∆| = |m g /m − 1| of ∼ 4.6 × 10 −3 , where m g and m are the gravitational and interial masses respectively, effectively of the neutron star, has been obtained from an analysis of the orbital eccentricities of 27 pulsar -white dwarf systems with low intrinsic eccentricity [20] .
Other gravitational theories predict the existence of dipolar gravitational radiation. A strong limit on this has been placed by Freire et al. [21] from an analysis of the various contributions toṖ b in the pulsar -white dwarf system PSR J1738+0333.
The recent discovery of the very interesting triple system, PSR J0337+1715, by Ransom et al. [22] has opened up the possibility of an even more stringent test of the SEP. This system consists of a 2.73-ms pulsar in a 1.7-day orbit around a 0.19 M ⊙ white dwarf. In a co-planar orbit of period 327 days around both these stars is a somewhat more massive 0.41 M ⊙ white dwarf. Aside from interesting questions about the orbital dynamics and origin and evolution of this system, it is possible that the gravitational field of the outer white dwarf will induce an eccentricity in the orbit of the inner white dwarf. Since the gravitational field of the outer white dwarf at the position of the inner white dwarf is about 10 6 times as strong as the Galactic gravitational field, this test is potentially much more sensitive than the SEP test based on the pulsar -white-dwarf binary systems [20] .
Pulsar timing arrays
Although MSPs have extremely stable periods, one cannot rule out the possibilty of intrinsic variations in the observed timing parameters of a given pulsar. Uncorrected variations in interstellar propagation delays are also possible. Therefore, in order to search for extrinsic modulations due to (for example) low-frequency GWs propagating through the Galaxy, it is necessary to observe many MSPs and to search for correlated timing variations among the sample. Such a set of MSPs, widely distributed on the sky and with frequent high-precision timing observations over a long data span is known as a "pulsar timing array" (PTA). PTAs are sensitive to low-frequency (nanoHertz) gravitational waves that could be generated by orbiting super-massive black holes in the cores of distant galaxies. Although individual binary systems could be detectable, the most likely GW source to be detected by PTAs is a stochastic background generated by many such binary systems in galaxies at redshifts of between one and two [23] . Predicted amplitudes of such a background suggest that observations of about 20 MSPs over 10 years are necessary for a detection.
There are three main PTA projects around the world: the European Pulsar Timing Array (EPTA) which uses data from several large radio telescopes in Europe, the North American NANOGrav array, which uses data from Arecibo and the Green Bank Telescope, and the Parkes Pulsar Timing Array (PPTA) which uses data from the Parkes 64-m telescope in Australia. Each of these has high-precision timing data on at least 20 MSPs with data spans ranging between a few years and nearly 30 years. Typically the pulsars in each PTA are observed at intervals of 2 -3 weeks in two or three different radio-frequency bands.
Detection of GWs by PTAs relies on the correlations between the timing signals for pulsars in different directions on the sky induced by GWs passing over the Earth. Hellings & Downs [24] showed that, for a stochastic background, the correlations depend only on the angular separation of the pulsar pairs, not their sky location. Pulsars close together on the sky have positively correlated signals but, because of the quadrupolar nature of gravitational radiation, pulsars that are in perpendicular directions have negatively correlated signals. The correlation returns to a positive value for pulsars that are diametrically opposed on the sky. GWs passing over the pulsars produce signals that are uncorrelated between the pulsars in the array, just adding a noise component to the GW signal.
Other correlated signals may exist in the data. For example, irregularities in the reference timescale (typically International Atomic Time, TAI), will have the same effect on timing residuals for all pulsars in the array. In terms of the sky distribution, this is a monopolar effect. Errors in the solar-system ephemeris used to refer the ToAs to the solar-system barycentre are equivalent to errors in the computed position of the Earth and so will have a dipolar signature on the sky. These different dependencies on sky position can be used to separate the different effects.
Up to now, there has been no positive detection of nanoHertz GWs by pulsar timing arrays. However, just by using the best few pulsars in an array, it is possible to set a limit on the strength of the GW background in the Galaxy. The best limit so far is from the PPTA as illustrated in Figure 3 . This P15 limit, based on Parkes observations in the 10cm band (∼ 3 GHz) of the four best-performing MSPs in the PPTA sample, effectively rules out all "standard" models for generation of a low-frequency GW background. This means that one or more of the assumptions that went into the construction of these models, for example, the merger rate of galaxies or the mass function for super-massive black holes in the cores of galaxies, is in error. Shannon et al. [25] consider that the most likely cause for the lower-than-expected GW background level is that, at a late stage in their evolution, super-massive black-hole binary systems lose energy to surrounding gas rather than to GWs. It should be remarked that recently uncovered differences in solar-system ephemerides may affect the derived GW background limits.
An analysis of the GW senstivity of a PTA as a function of the PTA parameters [29] shows Figure 3 . Limits on the characteristic strain of a GW background in the Galaxy from PTA observations. Marked points are 95% confidence limits from NANOGrav (N13, [26] ), the EPTA (E15, [27] , the 2013 PPTA limit (P13, [28] ), and the most recent PPTA limit (P15, [25] ). Different predictions for the spectrum of the GW background are shown in the different panels. The black line is the nominal spectral sensitivity of the PPTA observations used to derive the P15 limit and the point marked A 95,SKA gives the expected sensitivity of a PTA based on the Square Kilometre Array. (From Shannon et al., Science, 2015, [25] . Reprinted with permission from AAAS.)
that, when the self-noise from GWs passing over the pulsars of a PTA is significant, the most efficient way to increase the sensitivity of the array is to increase the number of pulsars in it. To this end, the three regional PTAs have combined to form the International Pulsar Timing Array (IPTA). Combined IPTA data sets for 49 pulsars are now available [30] and are starting to be used to further PTA science objectives, e.g., [31] . Other ways in which the number of pulsars in PTAs can be increased is through finding previously unknown MSPs with good timing properties in pulsar searches, e.g. [32] , and through the use of new large radio telescopes such as the justcommissioned Five hundred metre Aperture Spherical Telescope (FAST) in China [33] and the Square Kilometer Array (SKA), Phase 1 of which should be operational around 2023 [34] .
Pulsar timescales and navigation
As mentioned in the previous section, PTAs are sensitive to irregularities in the timescale to which the observations are referenced, normally either TAI or the post-corrected version of TAI, BIPMxx, where xx represents the year of creation [35] . One can invert the normal process of pulsar timing and use the pulsars to "time the timescale", in effect establishing a "pulsar timescale". Such a pulsar timescale differs from terrestrial timescales based on atomic frequency standards in a number of important ways:
• it is independent of terrestrial timescales • it is based on entirely different physics -the rotation of macroscopic bodies rather than quantum processes • it will be continuous for billions of years.
Because of the nature of pulsar timing, pulsar timescales are only competitive to (or of greater stability than) atomic timescales over long intervals, months to years and decades. With their very different basis, pulsar timescales can provide a valuable independent check on the long-term stability of terrestrial atomic timescales [36] . Figure 4 shows the results of analyses of the IPTA DR1 dataset [30] for the "common-mode" or clock term relative to TT(TAI) and to TT(BIPM15) 5 using a frequentist (tempo2) method and a Bayesian method (Guo et al., in preparation). The pulsar offsets define a timescale which we label TT(IPTA16). The left panels of Figure 4 show that TT(IPTA16) has significant deviations from TT(TAI) and, within the uncertainties, is consistent with TT(BIPM15). Directly referencing the pulsar ToAs to TT(BIPM15), as shown in the right panels, confirms the agreement of the two timescales. The figure also shows that consistent results are obtained with the two analysis methods. These results demonstrate that the long-term stability of a timescale based on the best available pulsar datasets is comparable to that of the best available atomic timescales. Furthermore, we have shown that the post-corrected timescale TT(BIPM15) is indeed more stable than TT(TAI).
Another interesting application of precision pulsar timing is to navigation of spacecraft that are distant from the Earth, even outside the solar system. Pulsars can form a "celestial GPS" system -instead of assuming a fixed observatory position and solving for the pulsar parameters as in normal pulsar timing, one can analyse the ToAs from a set of pulsars with known parameters and solve for the observatory position. For spacecraft navigation, it is most practical to use an X-ray telescope on the spacecraft and to observe a sample of pulsars with significant X-ray pulsed emission. Analysis of a realistic simulation [37] has shown that position location with an accuracy of better than 20 km is possible using observations of just four MSPs. Autonomous operation of the system is possible, but accuracy is improved with updates of the pulsar parameters from Earth-based observations. It is interesting to note that in 2016 the Chinese launched a satellite, XPNAV, dedicated to exploring X-ray pulsar navigation, and that NASA's recently launched NICER mission on the International Space Station has a project (SEXTANT) devoted to this topic as well.
Summary
Pulsar timing has many possible applications in physics and astrophysics. Their remarkable intrinsic period stability, especially for MSPs, their distribution throughout the Galaxy and the fact that many pulsars, including more than half of all MSPs, are in binary orbits around another star, allow explorations of theories of gravitation, properties of the interstellar medium, studies of binary and stellar evolution and many other topics. Pulsar timing arrays (PTAs) can be used as detectors of low-frequency gravitational radiation and to establish a "pulsar timescale" that is independent of terrestrial atomic timescales. In most of these areas, pulsars provide unique results and insights into the relevant physical processes. With new and more sensitive radio telescopes coming soon, the sample of pulsars that can contribute to these studies will grow, giving higher precision for existing applications and opening up new fields of research.
